The principal function of circuit breakers (CBs) is to isolate a portion of the power network from the rest of it in a timely manner following an opening command. Any failure in the opening operation of CBs, especially following a fault condition, will almost certainly result in a catastrophic event. Therefore, the issue of failure detection of CBs is essential and has a vital role in power system protection. This paper presents a novel power-based algorithm for failure detection of CBs. The power loss of CBs due to an arcing event increases as the arcing time gets longer. The arcing time of CBs increases with defective operations originating from any failure or malfunction for different reasons.
Introduction
The objectives of a protection system are to detect and locate the fault and initiate a trip signal for the right circuit breaker (CB) to isolate the fault. CBs are needed to achieve the final objective of a protection system. In the case of a CB failure, the protection system's response to a fault is ineffective and this results in a critical situation for the protected network. In this regard, any failure or malfunction in the opening operations of a CB needs to be detected as quickly as possible. Typical reasons for malfunctions or failures of CBs include operating mechanism failures; degradation of external insulation; failures due to voltage transients; misapplications; failures in resistors, capacitors, and current transformers; animal interferences; manufacturing or maintenance errors; and failures in the internal dielectric and interrupter [1] . In this sense, a comprehensive failure detection technique is needed to detect any failure resulting from any of the above-mentioned causes and to produce a trip signal for upstream CBs to prevent the occurrence of catastrophic consequences in the power system.
Condition monitoring is defined as the process of evaluating certain parameters of equipment for identifying a breach from threshold values, which indicates a developing fault. It is used to predict the maintenance times of equipment. In the case of CBs, the number of interruptions, sum of the interrupted currents, and operation time can be monitored in order to determine appropriate maintenance times [2] .
Failure detection is the process of identifying a failure occurrence, even without knowing the root cause of the failure. In the literature, the mechanical condition of CBs has been analyzed for detecting abnormal conditions using vibration analysis, signal processing, and decision-making algorithms [3] . Moreover, continuous vibration monitoring for CBs was proposed, which analyzes a number of vibration samples collected during each opening or closing operation and compares them to signatures for detecting deviations in time and frequency domains [4] . Also, acoustic diagnosis of CBs has been used to identify mechanical malfunctions, wear of contacts, and other abnormal conditions [5] . Furthermore, an expert system has also been applied for failure detection of CBs using acoustic signals. In this regard, the decomposition of voiced and feature extraction of acoustic signals has been performed in the time domain [6] .
A numerical overcurrent protection function for breaker failure protection of CBs was proposed to enhance the function of breaker failure protection. Overcurrent protection logic requires the measurement of the current after CB operation to check whether it is interrupted or not. If the current is not interrupted within a predefined time delay, then it will be evaluated as a CB failure. However, the overcurrent relay cannot distinguish between permissible and nonpermissible arcing times during CB operation [7, 8] .
Some of the most effective features of the CB's coil current have been detected based on the trip and close coil current signals. The disparities of these detected features corresponding to healthy operations of CBs have been captured and categorized. Therefore, failure detection of CBs has been performed using the most affected features of the CB's coil current waveform [9] . On the other hand, the authors recently proposed a protection algorithm for CBs that uses the total harmonic distortions of arcing voltages to discriminate between the healthy and faulty operations of CBs [10] .
Failure diagnosis is the process of pinpointing one or more root causes of a failure in order to choose an adequate corrective action. In this regard, the mechanical condition of CBs has been analyzed using mechanism dynamic features and artificial neural networks (ANNs) [11] . Also, vibration signatures from healthy and faulty CBs have been represented by wavelet features and an ANN has been used to classify these features for CB failure detection [12] . Energy entropy of empirical mode decomposition and a support vector machine (SVM) were used to analyze the features of vibration signatures to detect failures of CBs with more promising results compared to those obtained from wavelet analysis [13] . Furthermore, a SVM model based on a genetic algorithm has also been developed to identify optimal parameters of the SVM with more precise outcomes compared to those obtained from the combination of the ANN and SVM [14] . The combination of a wavelet packet and SVM was also applied for detecting failures of CBs using vibration analysis [15] . The methods based on vibro-acoustic measurements for protection of CBs are nonintrusive but their main drawback is that they can be affected by vibro-acoustic noises in industrial environments and hence their protective outcomes can be distorted.
The condition diagnosis of a CB's contacts has also been performed using dynamic resistance measurement, which is an offline and intrusive method [16, 17] . An intelligent monitoring approach has been proposed for CBs, which can be executed online to detect different failures [18] . This is an intrusive technique because different types of sensors must be installed in the CB in order to measure the mentioned quantities. Moreover, a real-time diagnosis method is proposed, which continuously monitors the condition of the CB's trip coil assembly and proposes maintenance strategies in appropriate times [19] . The method based on trip coil current supervision can only monitor the trip coil current of CBs and therefore cannot diagnose different types of failures. Finally, insulation failures of CBs have been diagnosed using electromagnetic pulse signals generated by high-frequency partial discharges [20] . This paper introduces a protection algorithm for CBs based on the power loss of switching arc incidents. The algorithm utilizes the sampled values of voltage across the CB and current going through the CB to measure the instantaneous power during arcing conditions. This power is then used for estimating the arcing energy. An abnormal arcing energy during an opening operation is an indication of malfunction or failure in CB operation. The method is capable of detecting any malfunction or failure that causes abnormal arcing energy. Therefore, it provides a comprehensive protection scheme for CBs and can be implemented within a real-time framework.
Modeling and simulation of circuit breaker operation in EMTP-RV framework
Whenever a CB operates and opens its contacts, an electric arc forms between its separating contacts due to high current interruption and high temperature, which ionizes the medium. An electric arc that produces nonlinear conductance is the basis for CB modeling. There are two fundamental arc models in the literature proposed by Cassie and Mayr [21, 22] .
The Cassie model is the first arc model introduced in 1939, which represents the change in arc conductance in high-current regions as follows:
where G c is the arc conductance, t is time, τ c is the arc time constant, v is the arc voltage, v 0 is the constant section of arc voltage, and i is the arc current related to the Cassie model. The Cassie arc model represents an electric arc channel with fixed quantities of temperature, current density, and electric field intensity. In this model, the variation of arc conductance is in accordance with the arc cross-section and the release of energy that occurs by convection.
The Mayr model is the second arc model, introduced in 1943, which represents the change in arc conductance in low current regions as follows:
where G m is the arc conductance, t is time, τ m is the arc time constant, v is the arc voltage, i is the arc current, and P 0 is the constant power loss due to arc event related to the Mayr model. The Mayr model assumes a high amount of changes in arc temperature despite constant size and shape of the arc column. Therefore, the main principle behind the release of energy is thermal conduction. A generalized arc model was introduced in 1993 based on two basic arc models as follows [23] :
This generalized model can represent the arc conductance in high-and low-current regions and therefore it is utilized in this study. The generalized arc model is implemented using the Transient Analysis of Control Systems (TACS) module within the Electro-Magnetic Transient Program, Restructured Version (EMTP-RV), as illustrated in Figure 1 . A transient recovery voltage (TRV)-adjusting branch including a resistor, an inductor, and a capacitor has been also utilized in parallel with the arc conductance to simulate the transient oscillations that occur following the end of arc extinction. The electrical equivalent circuit of the CB model is shown in Figure 2 [24] . The simulation study consists of a short line fault (SLF) for analyzing the CB operating condition. In order to perform this task, EMTP-RV has been utilized. A SLF has been simulated on a single-phase network including a 17.32 kV AC voltage source (30 kV line to line) connected to a power frequency reactance, a TRV-adjusting branch, and a time-delaying capacitance on the source side.
The bus-bar in between the source side and the CB model includes a power frequency tie-line model. The generalized arc model is utilized to represent the nonlinear arc conductance in parallel with a TRV-adjusting branch. The load side is simulated using a time-delaying capacitance accompanied with a power frequency tie-line model. Figure 3 shows the circuit diagram associated with SLF modeling with respect to a 30 kV CB.
For this study, the quantities of electrical elements used in the SLF modeling circuit are as follows [24] :
Line 1 The electrical characteristics of the modeled CB are listed in Table 1 [25] . The tie-lines (lines 1 and 2)
are represented using the constant parameter line model and related parameters are listed in Table 2 [24]. The constant parameters of the generalized arc model for the modeled CB are listed in Table 3 [26] . These arc parameters are assumed for the minimum oil-type CB. However, in the case of having different arc parameters, the response of the algorithm remains stable as both the trip level and estimated arcing energy will be affected. The sampling frequency of the simulation study is set to 10 MHz and the simulation time of 100 ms is selected, which is 5 cycles of the power system frequency. The fault current occurs at 0 ms and the modeled CB opens at 40 ms to interrupt the SLF current. Figure 4a illustrates the voltage and current signals associated with the modeled CB opening at 40 ms to isolate the SLF. The arc voltage starts to develop and it lasts about 4 ms before the arc extinguishes. After the mechanical opening operation, the current signal cannot be interrupted immediately because of the ongoing arcing event and it continues to the point of arc extinction. After the arc extinction, the voltage signal recovers with the related oscillations due to the TRV. The TRV is eliminated after about one cycle of the power system frequency. Ultimately, the current signal goes to zero after 4 ms following the arc extinction. It is obvious that while the CB is fully closed, the voltage across its terminals is zero. On the other hand, when the CB is fully open, the current going through the CB goes to zero after small oscillations due to the TRV. Therefore, only during the arcing event both voltage and current signals are nonzero and that results in arcing power. Figure 4b shows the case where the arc duration has been increased due to the electrical wear of the CB's contacts. In this case, the arcing voltage and current continue for more than a half cycle of the power system frequency. As the arcing time is still less than the maximum permissible arcing time, the operation is a successful interruption. Figure 5a illustrates the case where the arcing time has been increased more than that of the 2nd case study due to a faulty operation. In this situation, the arcing voltage and current remain for more than one cycle of the power system frequency. As a result, the arcing duration is higher than the maximum permissible arcing time defined in Table 1 . This is a faulty status, which needs to be detected as quickly as possible in order to protect the CB and the grid by sending a trip signal to back up the CB to isolate the faulty section of the network as well as the faulted CB. Figure 5b shows the case where the arc is consistent due to the complete breakdown of the CB. This situation might be caused by any of the reasons mentioned in the introduction. In this condition, the arcing voltage and current signals never vanish and the arcing time persistently increases. This is a dangerous condition for the health of CBs and protected networks, which needs to be detected as fast as possible. 3. Failure protection of circuit breakers
Overcurrent relay for failure detection of circuit breakers
The overcurrent protection function evaluates the current flow for each phase immediately after the initiation of the trip command [2, 7, 8] . If the current flow is not interrupted sometimes after issuing a trip signal, the overcurrent protection considers it as a failure in CB operation. In this situation, the algorithm sends a trip command to the upstream CB for fault clearance. Before sending a remote trip signal to the upstream CB, it is also possible to send a retrip command to the faulty CB to make sure that it has completely failed. The retrip command can be initiated immediately or within a certain time delay defined by the system operator. The retrip time of a failed CB can be practically performed after another time delay, which includes the initial trip time and CB operation time. The remote tripping needs one more time delay, which includes retrip time, relay operating time, CB operating time, and CB reset time. The timing sequence of overcurrent protection for initial trip, retrip, and remote trip commands is depicted in Figure 6 . However, as was mentioned in the introduction, the overcurrent protection logic is not capable of distinguishing between permissible and nonpermissible arcing times and thus it considers a faulty interruption of the CB like in the 3rd case shown in Figure 5a as a successful operation.
Power-based algorithm for failure detection of circuit breakers
The CB's manufacturers define the maximum period for which a CB can tolerate an arcing event during each opening operation. It is called the maximum permissible arcing time, which usually ranges from 15 ms to 25 ms for different types of CBs. The measurement of CB arcing times is a complicated task [2] . For this reason, a new strategy is proposed in this section, which indirectly evaluates the CB arcing time using the integration of CB arcing power during each opening operation. In this manner, the integration of CB arcing power is used to calculate the CB arcing energy corresponding to each arcing duration. In this way, different values of arcing energies reflect different arcing durations.
The arcing power of the CB can be estimated by measuring the power difference between the input and output terminals of CB as follows:
where v cb (t) is the instantaneous voltage across the terminals of CB and i cb (t) is the instantaneous current of CB.
When a CB is fully closed
Under arcing condition ⇒ v cb (t) ̸ = 0, i cb (t) ̸ = 0 ⇒ ∆p(t) ̸ = 0.
As stated before, Eqs. (5) and (6) prove that the arcing power of the CB only exists during arcing conditions. By using this innovative measurement idea, time synchronization to power system frequency is not needed. Time synchronization to power system frequency is not an easy task, especially during power system transient conditions. The proposed algorithm can be executed with the following steps.
(a) Measurement of instantaneous arcing power The numerical implementation of the power measurement can be performed using the following formula, which estimates the arcing power of the CB using the sampled values of voltage and current signals:
where v cb is the instantaneous voltage across the input and output terminals of the CB, i cb is the instantaneous current passing through the CB, s is the sampling index, and T s is the sampling period.
A moving average (MA) filter is utilized to make an average of the measured arcing power as the input sequence and produce a smooth output sequence as follows [30] :
where ∆p is the instantaneous arcing power as input data, P M A is the filtered instantaneous arcing power as output data, j is the sampling index of arcing power, and N is the window length of the MA filter.
The output sequence of the MA filter contains a smooth arcing power for the proposed algorithm. It is used to make more reliable decisions for protection of CBs.
(b) Normalization of arcing power The instantaneous arcing power can be normalized using the following equation:
The normalization of power is needed to maintain the maximum amplitude of arcing power at 1 pu. In this case, one can correspond different values of arcing times to different arcing energies. Thus, the algorithm can distinguish between normal and abnormal arcing times by evaluating the corresponding values of arcing power and energy.
(c) Protection trip criteria The trip value of failure protection varies for different types of CBs and is initially determined for each type of CB using the following equation:
where p N max is the maximum normalized arcing power corresponding to the maximum permissible arcing time.
The arcing energy for each opening operation can be evaluated by integrating the measured instantaneous arcing power over time as follows:
Whenever the integrator output reaches the trip level, it indicates a failure in the opening operation of the CB. In this situation, a trip command could be sent to the original CB immediately to make sure that it has completely failed. Furthermore, a remote trip signal will be forwarded to the upstream CB. Figure 7 shows the flowchart of the proposed failure protection algorithm.
Computer simulation studies
In this section, the responses of both the overcurrent relaying function and power-based algorithm for CB failure protection are analyzed using computer simulation studies. The circuit diagram applied for the SLF modeling in Figure 3 is used in the performance analysis. The length of the MA window is taken as 1 ms including 10,000 samples by considering 10 MHz as the sampling frequency. As mentioned earlier, the SLF current starts at 0 ms and the modeled CB operates at 40 ms to interrupt the SLF. The retrip function of overcurrent protection is not considered in the simulation studies and therefore the remote trip time is chosen as 100 ms, which is 60 ms after the initial trip signal.
The trip level of the failure protection algorithm is calculated as 8.043 (pu ms) for the simulated CB. This level shows the maximum permissible arcing energy per each opening operation corresponding to the maximum permissible arcing time (i.e. 15 ms for the simulated CB), which is the maximum time that the CB can tolerate arcing conditions without becoming defective or failing, as listed in Table 1 . Figure 8a shows the instantaneous values of CB voltage, CB current, and moving RMS current for the case where the CB is able to isolate the SLF current within its normal operating time. Figure 8b shows the arcing power of the CB related to this case study with the arcing time of 3.3 ms, which is less than the maximum permissible arcing time. Figure 8c illustrates the related arcing power through the MA filter, in which the highfrequency oscillations are successfully removed. The normal operation time is defined as the period between the initiation of the trip command and the first half period of current signal (first zero-crossing of current). In this situation, the arcing energy is 2.175 (pu ms), which is less than the failure trip value as seen in Figure 8d . Therefore, the algorithm does not produce a remote trip command.
On the other hand, the moving RMS value of interrupted current signal for the 1st case study is shown in Figure 8a . The window length for the calculation of moving RMS value is one period of the power system frequency. Hence, the maximum RMS value appears after the first period. In this status, since the RMS value of fault current goes to zero at 63 ms, the overcurrent protection logic also does not issue a remote trip signal. Figure 9a illustrates the instantaneous values of CB voltage, CB current, and moving RMS current for the case where the CB is interrupting the SLF current with a longer duration of arc. Figure 9b shows the arcing power of the CB related to this case study with the arcing time of 12.8 ms, which is still less than the maximum permissible arcing time. Figure 9c shows the related arcing power through the MA filter. This abnormal condition can occur due to the degradation and aging of the equipment. In this condition, the first attempt for current interruption has failed. Therefore, the current interruption is performed within the second half period of current waveform. In this case, the arcing energy is 7.855 (pu ms), still lower than the failure trip level as depicted in Figure 9d . Therefore, the algorithm does not initiate a trip signal.
On the other hand, the moving RMS value of interrupted current signal for the 2nd case study is illustrated in Figure 9a . In this situation, since the RMS value of fault current goes to zero at 72 ms, the overcurrent protection still does not issue a remote trip command as well. Figure 10a depicts the instantaneous values of CB voltage, CB current, and moving RMS current for the case where the CB is interrupting the SLF current with a longer arc duration compared to the 2nd case study. Figure 10b shows the arcing power of CB related to this case study with arcing time of 22.5 ms, which is beyond the maximum permissible arcing time. Figure 10c shows the related arcing power through the MA filter. This abnormal arcing can occur due to the excessive degradation or aging of equipment. In this condition, the first and second attempts for current interruption in the half periods of current signal fail. Hence, the current interruption is executed in the third half period of current. The single hatched area in Figure 10c illustrates the maximum permissible arcing energy corresponding to the maximum permissible arcing time, whereas the cross hatched area illustrates the extra energy produced by longer duration of arc originating from a failure in the CB operation. In this condition, the arcing energy is calculated as 13.347 (pu ms), which is greater than the failure trip level as seen in Figure 10d . Therefore, the proposed protection algorithm issues a remote trip signal within about 20 ms after the initial trip command to isolate and protect the faulty CB against further damage. On the other hand, the moving RMS value of the interrupted current signal for the 3rd case study is shown in Figure 10a . Despite the proposed algorithm, since the RMS value of fault current goes to zero at 82 ms, the overcurrent protection logic still does not initiate a remote trip command in this situation. Figure 11a displays the instantaneous values of CB voltage, CB current, and moving RMS current for the case where the CB has failed to interrupt the system short circuit current and therefore the arcing event continues. Figure 11b shows the arcing power of CB related to this case study with the arcing time continuously increasing above the maximum permissible arcing time. Figure 11c shows the related arcing power through the MA filter. This situation indicates a complete breakdown of the CB and needs to be detected as fast as possible. The estimated arcing energy has sharply increased and breached the failure trip level as shown in Figure 11d . As a result, the proposed algorithm initiates a remote trip signal within about 20 ms after the initial trip to clear the fault and isolate the failed CB.
On the other hand, the moving RMS value of interrupted current signal for the 4th case study is illustrated in Figure 11a . In this condition, the RMS value of fault current does not go to zero before 100 ms. Therefore, the overcurrent protection logic issues a remote trip signal within 60 ms after the initial trip to isolate the SLF and failed CB. Table 4 lists the arcing conditions, arcing times, arcing energies, and protection outputs of the proposed protection algorithm for the above-mentioned case studies. As the arcing times of the 1st and 2nd case studies are lower than the maximum permissible arcing time of the CB (i.e. 15 ms), the corresponding arcing energies calculated by the power-based algorithm are also less than the failure protection trip level (i.e. 8.043 pu ms).
Therefore, the power-based algorithm does not issue any trip signal, as expected. However, as the arcing times of the 3rd and 4th case studies go beyond the maximum permissible arcing time of the CB, the corresponding arcing energies also exceed the failure protection trip level. Thus, the algorithm detects these cases as failures of the CB. These situations indicate that either the CB has failed to clear the arc within the specified arcing time or has permanently failed. For this reason, the algorithm immediately initiates a trip command for the original CB to double check if it has completely failed, and in the case that the failure is persistent, a trip signal will be forwarded to adjacent CBs for the isolation of the faulty CB and fault clearance, as expected. Now a comparison between the performances of overcurrent protection logic and the new algorithm shows that the responses of the overcurrent protection to the 1st and 2nd case studies are the same as the responses of the power-based algorithm. In these situations, as the current signal is interrupted in the first and second half periods of current waveform, the overcurrent protection does not produce any trip command as expected. In other words, the original CB has operated successfully.
On the other hand, the responses of overcurrent protection and the power-based algorithm are completely different for the 3rd case study. In this condition, the overcurrent protection logic does not initiate any trip command because the RMS value of the current signal is interrupted before the remote trip time of overcurrent protection. Unlike the overcurrent protection logic, the power-based method does consider this condition as a failure in the operation of the CB. This is expected because the maximum permissible arcing time and therefore the related energy have breached the failure trip level. Therefore, the new algorithm detects this situation as a CB failure to protect the network from any upcoming consequence. Finally, the responses of both overcurrent protection function and power-based algorithms to the 4th case study are the same as expected because this case shows a permanent failure in the operation of CB.
Conclusion
In this work, a new power-based algorithm for the protection of CBs against failures is proposed, which uses the power loss of the CB due to arcing incident to identify any malfunction or failure in CB operation. The integration of power loss over time during each opening operation has been used as a health index for distinguishing between the healthy and faulty operations of CBs. In other words, any malfunction or failure that produces an abnormal arcing time during a CB operation can be detected indirectly by considering the corresponding arcing power and energy.
The comparison between the responses of overcurrent protection and the power-based algorithm shows that the power-based technique not only can detect any failure in CB operation, just like the overcurrent protection logic, but also it can identify any malfunction or operation with excessive arcing energy in CBs. This feature of the power-based algorithm makes it highly reliable for the incipient protection of CBs against failures.
The power loss of the CB only appears during arcing conditions; hence, it can be easily measured from the terminals of the CB without the requirement of synchronization to power system frequency. This is an advantage of the power-based algorithm because synchronization requires advanced filtering and more time delay in response to power system transients.
